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ABSTRACT 



The mass function dN m P°dm of molecular clouds and clumps is shallower than the 
mass function dN m~P*dm of young star clusters, gas-embedded and gas-free alike, as 
their respective mass function indices are j3o — 1.7 and j3* ~ 2. We demonstrate that such a 
difference can arise from different mass-radius relations for the embedded-clusters and the 
molecular clouds (clumps) hosting them. In particular, the formation of star clusters with a 
constant mean volume density in the central regions of molecular clouds of constant mean 
surface density steepens the mass function from clouds to embedded-clusters. This model 
is observationally supported since the mean surface density of molecular clouds is approxi- 
mately constant, while there is a growing body of evidence, in both Galactic and extragalac- 
tic environments, that efficient star-formation requires a hydrogen molecule number density 
threshold of n tn ~ 10 4 ~ 5 cm~ 3 . 

Adopting power-law volume density profiles of index p for spherically symmetric molec- 
ular clouds (clumps), we define two zones within each cloud (clump): a central cluster- 
forming region, actively forming stars by virtue of a local number density higher than «,/,, 
and an outer envelope inert in terms of star formation. We map how much the slope of the 
cluster-forming region mass function differs from that of their host-clouds (clumps) as a func- 
tion of their respective mass-radius relations and of the cloud (clump) density index. We find 
that for constant surface density clouds with density index p ~ 1.9, a cloud mass function 
of index /3o = 1.7 gives rise to a cluster-forming region mass function of index j3 ~ 2. Our 
model equates with defining two distinct SFEs: a global mass-varying SFE averaged over the 
whole cloud (clump), and a local mass-independent SFE measured over the central cluster- 
forming region. While the global SFE relates the mass function of clouds to that of embedded- 
clusters, the local SFE rules cluster evolution after residual star-forming gas expulsion. That 
the cluster mass function slope does not change through early cluster evolution implies a 
mass-independent local SFE and, thus, the same mass function index for cluster-forming re- 
gions and embedded-clusters, that is, j3 = j3*. Our model can therefore reproduce the observed 
cluster mass function index /3* ~ 2. 

For the same model parameters, the radius distribution also steepens from clouds 
(clumps) to embedded-clusters, which contributes to explaining observed cluster radius dis- 
tributions. 

Key words: stars: formation — galaxies: star clusters: general — ISM: clouds — stars: 
kinematics and dynamics 



1 INTRODUCTION 

The star formation efficiency (SFE) achieved by star cluster 
gaseous precursors at the onset of residual star-forming gas expul- 
sion is a crucial quantity since it influences the cluster dynamical 
respo nse to gas expulsion significantly (the so-called violent relax- 
ation; iHills Il l980l ; iGever & Burkertfooik iBaumgardt & Kroupal 
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120071 : IProszkow & Adams Il2009h . Specifically, the SFE is tightly 
related to whether the cluster survives violent relaxation and, if it 
survives, what mass fraction of its stars it retains. The SFE being 
the ratio between the stellar mass of embedded-clusters and the 
initial gas mass of their precursor molecular clouds, the compar- 
ison of the mass functions of young star clusters and of molecular 
clouds holds the potential of highlighting whether the SFE varies 
with molecular cloud mass. 

The mass function dN oc wC^dm of giant molecular clouds 
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(GMCs) in the Local Group of galax ies has an index ft ~ 1,6-1,7 
l lRosolowskill2005l ; lBlitz et al.ll2006l) (see also iFukui et al. II2OO8L 
for the case of the GMC mass function in the Magellanic Clouds). 
These GMCs, when compressed by the high pressure of violent 
star-forming environments, are expected to be the parent clouds of 
massiv e star clusters forming profusely in galaxy mergers and star- 
bursts jjog & Solomon 1 1 1 9921 ; [jog & Das Ill996l) . The same slope 
ft — 1.6-1.7 is also found for the mass function of density en- 
hancements contained by GMCs - referred to as molecular clump s 
( lLada. Bally & Starkll99ll : lKramer et alJl998l ; IWong et alj2008h . 
In quiescent disc galaxies such as the Milky Way, those are ob- 
served to be the progeni tors of open clusters l lHarris & Pudritz I 
1 1 994 lLada & Lada l2003l and references therein). 

In contrast to molecular clouds and clumps, the mass func- 
tion dN °= m~P*dm of embedded and youn g clusters is, in most 



cases, reported t o have an index ft ~ 2 (e.g. Zhang & Fall II 19991 ; 
iBik et all 120031 ; lLada & Ladal 120031 : bey et all |2004) . which is 



steeper than the mass function of molecular structures. Given the 
uncertainties affecting both s lopes, the significance of the ft — ft 
difference remains uncertain. lElmegreen & Falgarone I J 19961) sug- 
gest that error-free measurements of GMC masses may bring the 
mass function slopes of young star clusters and GMCs in agree- 
ment. Conversely, one can consider that the slope difference is sig- 
nificant, which is the approach we adopt in this paper. 

The question we set to answer is: what process of the 
physics of cluster-formation steepens the power-law mass func- 
tion of molecular clouds and clumps from /3o = 1-7 to ft = 2? 
The ft — ft difference suggests that the SFE is a decreasing 
function of the cloud (clump) mass. Besides sounding counter- 
intuitive, a mass-varying SFE is necessarily conducive to mass- 
dependent cluster infant weight-loss since the fraction of stars 
remaining bound to clusters through viol ent relaxation is a sen- 
sitive function of the SFE (e.g. fig. 1 in IParmentier & Gilmore I 
l2007h . This does not seem to be supported by observations of 
young star clusters, as their mass function slope is reported to 
remain invariant with t ime over their first 100 M y r of evolution 
l Kennicuttetai]ll989l; iMcKee & Williams 1 1 19971; lLada &Ladal 



20031: IZhang & Fall II 19991 : lOev et al.1 1200I : bowell et alj 120081 : 



Chandar et alfcOld) 



However, this contradiction is apparent only for it is worth 
keeping in mind that the SFE driving cluster violent relaxation is 
the mass fraction of gas turned into stars over the volume of gas 
forming stars. And this volume of star-forming gas may not coin- 
cide with the entire cloud (clump). In what follows, we refer to it 
as the cluster-forming region (CFRg). Its SFE is the local SFE and 
its mass function slope is —ft The invariance of the young cluster 
mass function slope at early time suggested by many observations 
demands a mass-independent local SFE. That is, the mass fraction 
of gas turned into stars by a CFRg is independent of its mass. This 
in turn implies that the slopes of the CFRg and embedded-cluster 
mass functions are identical: jS = jS*. Therefore, understanding the 
slope difference ft — ft between the star cluster and molecular 
cloud (clump) mass functions equates with understanding why the 
CFRg mass function is steeper than the mass function of their host 
clouds (clumps), i.e. jS = ~ 2 and /5o — 1-7, The — ft dif- 
ference suggests that the mass fraction of star-forming gas inside 
molecular clouds (clumps) is a decreasing function of the cloud 
(clump) mass. Besides, that the CFRg represents a fraction only of 
its host cloud (clump) allows us to define a global SFE, namely, 
the ratio between the mass in stars formed inside a molecular cloud 
(clump) and its initial gas mass. The global SFE is relevant to ex- 



plaining the ft — ft slope difference, but irrelevant for modelling 
cluster violent relaxation. 

What could be the origin of a mass-varying mass fraction of 
star-forming gas inside molecular clouds (clumps)? In other words, 
why should the global SFE vary with the cloud (clump) mass such 
that ft ^ ft? 

The mean surface density of GMC s in our Galaxy is 
about constant (fig. 8 in iBlitz et al] 120061). Th i s resu lt is rem- 



iniscent of Larson's seminal study 1 Larson I 1 198 lh showing 
that molecular clouds have approximately constant m ean col- 
umn densities (see also lLombardi. Alves & Ladall201fj) . On the 
other hand, star-forming regions are observed to be systemati- 



ber densities of at least nni — 10 4 - 10 5 cm 
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namely, with num- 
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Shirley et alj|2003l; IWu et al.ll2010h . See also fig. 1 and section 3 



Parmentier & Kroupa 1 1 201 fj) for a discussion. Several studies 



have therefore suggested that star fo rmation requires a gas volume 
(or number) density threshold (e.g. lEvans II2OO8I : IWu et alJPioTol; 
lLada. Lombardi & AlvesboiOT) . 

In this contribution, we develop a model for a spherically sym- 
metric molecular cloud (clump) with a power-law density profile 
which forms a star cluster in its central region. We demonstrate that 
if the mass-radius relation of CFRgs differs from that of the host- 
clouds (clumps), then the slopes of their respective mass functions 
are different too (i.e. j8 7^ j6o). This will be the case for molecular 
clouds of constant mean surface density hosting CFRgs of constant 
mean volume density. Applying the same model to the radius dis- 
tribution, we will show that it can also contribute to explaining why 
the distribution of star cluster half-light radii is significantly steeper 
than the distribution of GMC sizes. Figure[T]summarises the differ- 
ent mass functions encompassed through the paper, along with their 
respective index and the various mass ratios relating them. 

Note that this paper does not intend to explain the slope 
of the stellar initial mass func tion. That issue is addressed in 
IShadmehri & Elmegreenl d2010h whose model successfully repro- 
duces the Salpeter slope of —2.35 for a population of pre-stellar 
cores exceeding a volume density threshold in a fractal cloud. 

The outline of the paper is as follows. Section [2] summarises 
two types of evidence supporting the hypothesis of a constant mean 
volume density for CFRgs. One hinges on the early dynamical evo- 
lution of star clusters. The second is based on the mapping of star- 
forming regions with dense molecular gas tracers. In Section|3] we 
build a model relating the power-law mass function of CFRgs to 
the power-law mass function of their host clouds (clumps). We map 
how the slope difference jS — ft varies as a function of the mass- 
radius relation and density profile of molecular clouds (clumps). In 
Section [4] we discuss the implications of our model. Specifically, 
we focus on the physically-motivated case of virialized pressure- 
bounded (i.e. constant mean surface density) clouds (clumps). Sec- 
tionals the counterpart of Section[3]as it models the radius distri- 
bution of CFRgs in relation to that of their parent clouds (clumps). 
Our conclusions are presented in Section [6] 



2 CONSTANT MEAN VOLUME DENSITY FOR 
CLUSTER-FORMING REGIONS (CFRGS) 

The tidal field impact, namely, the ratio of the half-mass radius r/, 
to the tidal radius r, of an embedded-cluster, quantifies how deeply 
a cluster sits within its tidal radius and hence its likelihood of expe- 
riencing tidal overflow as it expands in response to gas-expulsion. 
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Figure 1. Illustration of the different mass functions tackled through 
the paper. From right to left: the clump (cloud) mass function dN <x 



.-A) 



dm,/,, the embedded- 



' l clump dm <:h,mp, the CFRg mass function dN « m th 
cluster mass function dN <x m y* dm ec i, For the sake of completeness, the 
cluster mass function at the end of violent relaxation is also shown as the 
leftmost straigthline. The horizontal arrows depict mass ratios relating pairs 
of mass functions. From right to left: the mass fraction m,i,/m c i,„„p relates 
the CFRg and clump mass functions, the global SFE e e ; /, a ; = m ec , / m c i ump 
quantifies the embedded-cluster stellar mass contained within molecular 
clouds (clumps), the local SFE e, oc = m ec i/m,i, is the CFRg mass fraction 
turned into stars, the bound fraction Fi, olu ,j quantifies the mass fraction of 
stars which stays bound to a cluster when violent relaxation is over (i.e. 
after infant weight-loss). Vertical scaling is arbitrary. 



To satisfy the observed requirement of mass-independent cluster 
infant weight-loss, r/,/r t mus t be independent of the CFRg mass. 
IParmentier & Kroupa I d20 ICh demonstrate that - for given local 
SFE, gas expulsion time-scale and external tidal field -, this 
constrain is robustly satisfied for CFRgs with constant mean 
volume density. This is because their half-mass radius 77, and tidal 
radius r, scale alike with the embedded-cluster mass m ec \, namely, 
r h x m e C f m d r t oc rnj^ . For constant volume density cluster 
progenitors, the tidal field impact r/Jr, is thus mass-independent. 
In contrast, constant surface density CFRgs lead to more massive 

clusters being more vulnerable to early destruction than their low- 

1/2 
eel 



mass counterparts owing to a greater tidal field impact (r;, oc m 

and r/,/r t oc rnj^), while the opposite is true for constant radius 

CFRgs (r/, oc rrP ecl and r/Jr, oc m e ^). Since observations suggest 
infant mortali ty/weight-loss to be mass-ind ependent, the analysis 
performed by IParmentier & Kroupa I d2010h lends strong support 
to the hypothesis that CFRgs have a constant mean volume density. 

In our Galaxy, observational evidence for CFRgs of con- 
stant mean volume density is provided by the tight association 
between postsigns of star formation (1RASIMSX sources, water 
masers, bipolar molecular outflows) and high density molecular 
gas, i.e. hydrogen molecule number densities nfj2 — 10 4 ~ 5 cm -3 
(or mean volume densities p ~ 700 — 7000 M^.pc^ 3 ; lEvans I 
l2008h . lAovama et all d200lh and lYonekura etall d2005h note that 
star formation in C 18 cores is often associated to the H l ^CO + 
molecule, a tracer of molecular gas with Hfj2 — 10 5 cm -3 (see bot- 
tom panel of Fig.[3]and Section[3j- 

That star formation requires a volume density threshold is also 
supported by studies of the molec ular gas content and star forma- 
tion activity of external galaxies. iGao & Solomon obtain 



the Lir/Lhcn ratio of 65 infrared galaxies, where Ljr is the galaxy- 
integrated infrared luminosity, and Ljjcn ls me galaxy-integrated 
HCN J= 1 — line luminosity. L[fcN maps molecular gas with 
riH2 — 3 x 10 4 cm -3 , while Ljr traces the star formation rate (SFR) . 
From the near-constancy of Ljg/LncN, IGao & Solomon I d2004l) 
deduce that, on the average, galaxy-integrated SFRs scale linearly 
with their dense molecular gas content, from quiescent spirals to 
violent Ultra-Luminous Infra-Red Galaxies (ULIRGs). In contrast, 
the ratio Lik/Lqq, where the galaxy-integrated CO luminosity Lqq 
traces molecular gas with i ihi — 300cm~ 3 , is not on the average 
constant (see figs 1 and 2 in lGao & Solo mon 20o3)- That is, Ljjcn 
traces the global SFR of galaxies better than Lqq. 

Using the same HCN J= 1—0 molecular tracer as 
IGao & Solomon I d2004h . IWu et all d2005l) map dense molecular 
clumps in Galactic GMCs. They find t hat the one-to-one c orrela tion 
between L/fciV ar| d l^m established bv lGao & Solomon 1 d2004h for 
entire galaxies al s o hold s fo r individu a l dens e molecular clumps. 
IGao & Solomon I J2004h and lWu et ail d2005l) therefore argue that 
the most relevant parameter for the SFR is the amount of dense 
molecular gas, namely, gas with nni — 10 4 ~ 5 cm -3 . For instance, 
the high SFR of ULIRGs stems from their large content of molec- 
ular gas with densities comparable to that of molecular cl umps in 
Galact ic GMCs (see also Section [OJ- As pointed out by lEvansI 
d2008l) . these dense clumps provide the connection between star 
formation in the Milky Way and in other galaxie s . Thes e conclu- 
sions are reminiscent of the earlier study of lLada I dl992h . She find 
that, while the bulk of star formation in the Orion B molecular 
cloud is associated with gas with hhi — 10 4 cm~ 3 , the CO-traced 
gas is inert in terms of star formation. lLada. Lombardi & Alves I 
(2010[) achieve the same conclusion by comparing infrared extinc- 
tion maps of local molecular clouds with their respective census of 
young stellar objects. 

A theoretical predic tion of a number density threshold for 
star formation is made by|m megreen 1 d2007t) who note that, when 
n H2 ^ 10 5 cm -3 , several microscopic effects enhance magnetic dif- 
fusion in the molecular gas, thereby significantly accelerating star 
formation (e.g. steeper density scaling for the electron fraction, 
modification of the coupling between dust grains and the magnetic 
field, sudden drop in the c osmic-ray ionizati on rate and hence in 
the ionization fraction) (see lElmegreen 120071 his section 3.6). 

That the bulk of star formation activity takes place in dense 
molecular gas regions characterised by a mean constant volume 
density is thus supported b y both the analysis of the ti dal field 
impact upon young clusters dParmentier & Kroupa 11201 oh . and by 
the tight association observed between star formation and dense 
molecular gas. Given the uncertainties regarding the volume den- 
sity threshold requested for star formation, calculations presented 
belo w are performed for two disti nct cases: nn2 ^ 10 4 cm -3 
(e.g. lLada. Lombardi & Alves and n H 2 ^ 10 5 cra 3 (e.g. 

lElmegreen 112007 ). 



3 FROM MOLECULAR CLUMPS TO HIGH-DENSITY 
CLUSTER-FORMING REGIONS 

Before going any further, a clarification of the terminology applied 
through this paper may be needed. The following nomenclature 
has taken root in the community: the word 'core' is now often 
restricted to the gaseous precursor of an individual star or of a 
small group of stars, while the term 'clump' is designated for 
regions hosting cluster formation. We will follow that terminol- 
ogy. The CFRg is the clump central region where active star 
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formation takes place owing to a high enough volume/number 
density, i.e. n[f2 ^ 10 4 ~ 5 cm~ 3 . CFRg-related quantities are 
identified by the subscript 'th', where 'th' stands for (volume 
density) threshold. By virtue of the assumed spherical symmetry, 
a clump is assumed to contain one single forming-cluster. This 
constitutes a major difference between the p resent model and 
the model by IShadmehri & Elmegreen I | |2010|) who consider the 
formation of many high-density regions in one single fractal cloud. 
Note that the present terminology impl ies that the expression s 
'cluster-forming core s ' used profus ely in 
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IParmentier & Fritzel J200g|> and IParmentier & Kroupa 
are now to be read 'cluster-forming regions'. Although the 
subscript 'clump' is used systematically in the equations below, 
these equations can be applied indifferently to any spherical 
volume of molecular gas containing a star-forming region in its 
central zone. Should GMCs in galaxy starbursts and mergers be 
roughly spherical and forming each a massive star cluster in their 
centre, all equations developed in this paper can be applied to them. 

The mass function of molecular clumps and clouds mapped in 
C 18 0, 13 C0 or l2 CO emission lin e is well-described by a power- 
law d N 0= mT^dm with /3 ~ 1.7 dKramer et ail 1 9981 : Iwong et all 
120081) . This is shallower than the 'canonical' mass function dN « 
m~P*dm of young star clusters for which /L ~ 2. 

To explain this difference in slope, our study rests on the 
clump (cloud) outer layers being inefficient at forming stars. Let 
us consider the C 18 clumps with masses m c i ump and radii r c i ump 
compiled in top and middle pa nels of Fig. [3] This m ass-radius di- 
agram is based on the dat a of Aovama et a 1. (2001. the Orion B 
molecular cloud, trianglesl. lSaito et alTi 19991. the GMC toward HII 
regions S35 and 37, squares) and Yonekura et al J 1 20051 the 77 Cari- 



naeGMC, circles) (see also section 3 in IParmentier & Kroupa I 
( l2010h for additional details). By virtue of the molecular tracer used 
to map these clumps, their mean number densities sample the lim- 
ited range 10 3 c«?~ 3 < nn2 10 4 cm -3 . These density limits are 
shown as the dotted (black) lines in the middle panel of Fig. [3] Let 
us consider a particular clump of mass m c [ ump = IOOOMq and ra- 
dius r c i ump = 1 pc. Its mean number density nuz = 3-4 x 10 3 cm -3 
suggests that it fails at forming stars if star formation actually re- 
quires a density threshold n,/, ~ 10 4 ~ 5 cm -3 . Yet, molecular clumps 
show density gradients (Section [3.1| > and the condition 1x^2 ^ n th 
may be met in the clump inner regions. This in turn implies that 
the radius and mass of cluster gaseous progenitors are smaller than 
those of their host-clumps. In what follows, m,/, and r,/, are the mass 
and radius of the CFRg where nj£2 ^ n th ■ Conversely, clump outer 
layers are inefficient at forming stars owing to too low a volume 
density, i.e. n#2 < n th- This situation is illustrated in Fig.|2] 

The question we set to answer is: can the CFRg mass function 
dN /dm,], an d clump (cloud) mass function dN / dm c [ ump differ? As 
we shall see, it depends on the clump mass-radius relation and on 
the clump volume density profile. 



3.1 Model for cluster-forming regions and their host-clumps 

Let us characterise molecular clumps (clouds) with the following 
properties: 

(i) Their volume density profile obeys a power-law of slope — p 



Pclump i s ) — kpS P , 



(1) 



with s the distance from the clump centre and k p a normalizing 
factor. The assumption of spherical sym metry is supp o rted b y e.g. 
the 1.2-mm continuum observations of [Beltran et al. I d2006l) who 



Molecular clump (cloud): 




Figure 2. Model of a molecular clump (cloud) hinged on through this paper. 
The clump central region only, where the gas number density hhi achieves 
a threshold forms stars. We refer to it as the 'cluster-forming region' 
(CFRg). Because the CFRg is defined based on a volume density threshold, 
its mass-radius relation is one of constant mean volume density, regardless 
of the host-clump mass-radius relation. 



find the mean and median ratios of the full widths at half maximum 
of their clumps along the x- and y-axes, FWHM X /FWHM X , 
to be 1.04 and 0.96, respectively. Power-law density profiles 



Heaton et al.1 jl993l) . Irlatchell et ai7l (l2000h.lBeuther et all j200^ . 
Fontani et al. N2OO2I) and iMuller et al] d2002l) . Estimates for the 



density index p are found mostly in the range 1.5 < p < 2.5. We 
insist that, in what follows, expressions 'constant volume density 
clumps' or 'constant surface density clumps' do not imply that 
these clumps have a uniform volume or surface density. Rather, it 
means a population of clumps all characterized by the same mean 
surface or volume density. 

(ii) The mass-radius relation of molecular clumps is quantified 
by its slope S and normalization % : 

r c lump[Pc] = X{ m clump[MQ]) S ■ (2) 

The combination of Eqs.[TJand|2]leads to the CFRg mass m,/,, i.e. 
the mass of the clump region where p c i mnp {s) ^ p,/,. Equation [3] 
provides m,/, as a function of the clump mass m c [ llmp , radius r c i ump 
and density index p: 



m th 



n-p 



(3-p)/p 



,3//' 



-3(3-p)/p 



clump clump 



(3) 



It is valid for density indices < p < 3. Similarly, the radius r,/, of 
the spherical CFRg is: 



r t h 



\ATzp, h J 



!//< 



m U P r -p-p)/p 

clump clump 



(4) 



It immediately follows that the CFRg mean density < p,/, > is con- 
stant. It depends solely on the density index p and density threshold 
Pth- 

3m,i, 3 



< Pth > 



Anr] h 



3-p 



Pt h ■ 



(5) 



1/3 



In other words, the mass-radius relation of CFRgs obeys r,/, °< /n (/; 
This is a key-point for our forthcoming discussion about how 
clump and CFRg mass functions differ from each other. Equation 
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[5] shows that for a truncated isothermal sphere (p = 2), the CFRg 
mean volume density is three times higher than the threshold p,/,. 
For shallower density indices, the density contrast is weaker, e.g. 
< Pth > I Pth = 2 when p = 1.5. 

To quantify CFRg masses, an estimate of p,/, (or n f /,) is 
needed. In the middle panel of Fig. [3] open symbols marked with 
a black filled circle indicate C 18 clumps with detected star for- 
mation activity (IRAS or MSX sou rce, or bipolar molec ular out- 
flow). D ata come from tabl es 1-3 in lAovama et al ] d200lh. tables 2 
and 4 in lSaito et af] dl999l) . and table 3 in lYonekura et all d2005l) . 
The se C 18 Q clump s were also observed by lAovamaetal] |2001) 
and lYonekura et alj J2005I) in the H 13 CO + 7=1-0 emission line 
so as to detect nn 2 — 10 s cm" 3 gas. Filled symbols in top panel of 
Fig.[3]highlight C 18 clumps detected in // 13 CO + -emission. Sym- 
bol size is proportional to the mass of H 2 detected in f/ 13 CO+- 
emission. No // 13 CO + data is provided bv S aito et al. I d 19991) . The 
bottom panel of Fig.[3]zooms in on the // 13 CO + -data and the star 
formati on activity detecti ons for Orion B and r\ Car [the S35/37 
data of lSaitoetall d 19991) are ignored as they lack an H li CO + - 
mapping]. The comparison between both types of data highlights 
the tight correlation between H 13 CO + - detected gas and star for- 
mation activity, a poin t already made bv lAovama et al.1 d200ll) and 
lYonekura etaU d2005h : 10 in 12 W 13 CO+-detections also show 
signs of star formation activity, while 10inl2C 18 O clumps with 
detected star for mation activity also host an H l 3 CO + -detected 
region. Similarly, iHiguchi et all d201Ct) detect H n CO + -emission 
in the C 18 Q clumps associated to embedded clusters studied by 
IHiguchi et al.1 d2009h (see also Section |4~2l . This suggests that star 
formation requires number densities of order nn 2 — 10 5 cm -3 (or 
p ~ 7000 ^. pc~ 3 ). We theref ore adopt 10 5 cm 3 as the fiducial 
n,h (see also lElmegreenll2007 | ). We will also p resent results for 
n th = 10 4 cm' 3 dLada, Lombardi & Alves 1120101) . 

Note that the presence of C 18 clumps with mean densities 
> 10 3 cm -3 and hosting star formation activity (middle panel of 
Fig.[3]l does not imply that star formation can take place at so low 
number densities. Molecular clumps are characterized by density 
gradients and star formation is very likely confined to the clump 
deeper regions (Fig. [2} whose higher volume densities are revealed 
inH 13 CO+. 

Solid (red) lines in the top panel of Fig.[3]are iso-m,;, lines in 
the m c i ump vs. r c [ ump space when p = 2 and n,/, = 10 5 era" 3 (Eq.O. 
In our model, the total stellar mass inside a clump scales with the 
mass m,!, of its central CFRg rather than with the clump total mass 
m dump- Given the CFRg (local) SFE, the stellar mass m ec \ of the 
embedded-cluster is SFE x m,^. The top panel of Fig. [3] also dis- 
plays vectors along which m,/,, m c i ump and £ C / Mm p increase by 2 
orders of magnitude, with Z dump = m dump / {itr dump ) the average 
clump surface density. These vectors illustrate that the CFRg mass 
in,/, depends more sensitively on the average clump surface den- 
sity ^clxtmp man on m clump> an effect depicted in Fig. [4] Its top and 
bottom panels show the mass of the high-density CFRg m ( /, as a 
function of the total clump mass m c [ ump and of the average clump 
surface density 'L c lump> respectively. These relations are obtained 
by combining Eqs.[2]and[3] and their logarithmic slopes are quoted 
in their respective panels. Four models combining n t f, = 10 4 cm -3 
or n,f, = 10 5 cm -3 , with p = 1.5 or p = 2.0 are presented. In all 
cases, the clumps are assumed to have a constant mean volume 
density, namely, nfj2 = 3 x 10 3 cm" 3 , typical of C 18 clumps. As 
suggested by the vectors in the top panel of Fig. [3] the slope of 
the log(m f /,) vs log(L c i Ilmp ) relation is steeper than its counterpart 
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Figure 3. Radius vs. mass of molecular C ls O clumps (triangles, squares, 
circles; see text for details). Top panel: Filled symbols indicate an H t3 CO + 
detection, with the filled symbol size scaling with the mass of H ,3 CO + - 
detected gas. No // l3 CO + -data are available for the open squares. Solid 
(red) lines are iso-m,/, lines, where m,;, is the predicted mass of the cen- 
tral CFRg, assuming a density index p = 2 and n t h = 10 5 cm" 3 . From 
left to right: m„, = 10,30, 100,300, 1000 M . Arrows indicate 2-order-of- 
magnitude increases of the (from top to bottom) clump mass, CFRg mass 
and clump surface density. Middle panel: Same C l8 clump mass-radius 
diagram as above. Black dots indicate clumps with detected star formation 
activity. Also indicated is the range of their mean number densities, limited 
to ~ 10 3 -10 4 cm 3 by virtue of the molecular tracer (C ls O) used to map 
them. Bottom panel: Comparison between detections in // l3 CO + -emission 
(filled symbols from the top panel) and detections of star formation activity 
(the crosses equate with the middle panel filled circles) for the clumps in 
Orion B (triangles) and rj Car (circles). The data of S35/37 (open squares 
in top and middle panels) are not shown since those have not been mapped 
in H 1 3 CO + . Note that the x- and y-spans differ from those in top and middle 
panels. 
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Figure 4. Top panel: Relation between the mass of the high-density cluster- 
forming region mg, and the total clump mass m c \ ump . Bottom panel: The 
mass of the high-density cluster-forming region m,/, plotted against the 
average clump surface density L c i llmp . Model parameters (p,nt/n#, 5) are 
quoted in the figure, and the slope of each relation is quoted in its respec- 
tive panel. Note that the dependence on log(Z c ;,„„ p ) is steeper by a factor 
(1 — 25)~' than the dependence on log(m c ;„„, p ). 



log(m,/,) vs \og(m c i ump ), by a factor (1 — 2<5)~'. As an example, 
for clumps with a given mean volume density (S = 1/3), the ra- 
tio between both slopes is a factor of 3. The embedded-cluster 
stellar mass SFE x /«,/,, thus also its luminosity, therefore depend 
more sensitivel y on T. r l U mp than on m c [ wnp . This explains straight- 
forwardly why lAovama et all d200 lh find the IRAS luminosity of 
their C I8 clumps 'to be more strongly dependent on the average 
column density ~L c \ ump than on the total mass of the clump' m c \ ump . 
In a forthcoming paper, we will model the infrared luminosity of 
molecular clumps as a way of probing their forming stellar content 
and compare model outputs with existing data-sets. 

The lowest-mass Orion B clumps (with m c i ump < 150Mq) 
show neither sign of star formation nor H l 3 CO + -detection. The 
top panel of Fig. [3] shows that if p = 2, these clumps contain 
m th 20 Mq of high-density gas. So low a mass may result in nei- 
ther (detected) star formation, nor H li CO + detection. 
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Figure 5. Index ft of the CFRg mass function in dependence of the index fig 
of the clump mass function for three clump mass-radius relations - constant 
mean surface density (8 = 1/2), constant mean volume density (5 = 1/3) 
and constant radius (5 = 0)- and two density indices (p = 2 and p = 1.5). 
Note that a constant local (i.e. CFRg) SFE implies j8 to also be the index j8* 
of the embedded-cluster mass function. 



3.2 From the clump mass function to the CFRg mass 
function 

Having defined the properties of CFRgs and of their host-clumps, 
we are now ready to relate the CFRg mass function to the clump 
mass function. Our model explicitly assumes that the high-density 
CFRgs - the genuine sites of cluster formation - have a constant 
mean volume density (Eq. [5j and, thus, that their mass-radius 
relation scales as r,/, oc mlP. In this section, we show that if the 
mass-radius relation of their host-clumps has a different slope 
(i.e. 5 ^ 1/3), the slope of the CFRg mass function differs from 
that of the clump mass function too (i.e. p 7== /3q)- 

As a first step, this can be understood by obtaining the clump 
mass fraction occupied by the dense central CFRg. Combining 
Eqs.[2]and[3] we obtain this mass ratio 



m lh 
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^ciump \4npthX 1 



(?-p)Ip 



J(3-p)(l-35)]/p 
clump 



(6) 



as a function of normalization % and slope S of the clump mass- 
radius relation (Eq.|2j, of the slope p of the clump density profile 
(Eq.Q}, of the clump mass m c i„ mp , and of the volume density p f ;, at 
the edge of the CFRg. With the normalization % of Eq. [2] p,/, and 
m clump are m units of MQ.pc^ and Mq, respectively. 
For constant volume density clumps (5 = 1 /3), this mass fraction 
is independent of m c i ump 



mth 

n clump 
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and the clump and CFRg mass function slopes are thus alike. For 
constant surface density clumps (5 = 1 /2), this mass fraction 
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is a decreasing function of m c ; Mm „ (since < p < 3). Therefore, we 
predict a CFRg mass function steeper than the clump mass func- 
tion. For constant radius clumps (S = 0), the CFRg mass fraction 
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Figure 6. How the index j3 of the CFRg mass function differs from an 
assumed clump mass function index j3o = 1.7 as a function of the density 
index p. Clump mass-radius relations are as in Fig. [5] 
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It is an increasing function of m c i ump , rendering the CFRg mass 
function shallower than the clump mass function. These effects 
are expected since, for constant surface density clumps, the mean 
volume density decreases with increasing mass, while the opposite 
is true for constant radius clumps. 

Let us now quantify these effects in detail and let us consider 
a population of clumps whose mass distribution is a power-law of 
slope — Pq: 



dN = k c i ump m du mp dm c i ump 



To derive the CFRg mass function 



dN = kthfn.f, dnttf, , 



(10) 



(11) 



we need to relate the CFRg mass ra,/, to the clump mass m c i ump . 
Equation[6]straightforwardly leads to: 



m th 



i \ (3-p)/p 

3 ~ p v ^:3 3 - p)],p . d2) 



clump 



The combination of Eqs. 1101 and 1121 leads to the power-law 
mass function of CFRgs: 

, 3N (3-p)(l-A,)/[3-35(3-^)] 



dN = k, 



clump 



3-p 



m th dm th- 



with j5 obeying: 



P 



3-38(3- p) 
pft>-(p-3)(l-35) 



(13) 



(14) 



3-35(3-p) 

Figure[5]shows j8 in dependence of Pq for 6 distinct cases: clumps 
with constant surface density (5=1 /2), constant volume density 
(5 = 1/3) and constant radius (5 = 0), combined to two density 
indices: p = 2 (isothermal spheres) and p = 1.5. As we saw 
above, 5 = 1/3 leads to P = Pq, while constant clump surface 
density (radius) increases (decreases) /3 compared to Pq. Shallower 



clump density profiles (open symbols in Fig. |5) result in a greater 
contrast between the clump and CFRg mass function slopes, that 
is, \P — /3rj is greater for smaller density index p. This effect is 
further quantified in Fig. [6] which depicts j8 as a function of p for a 
given spectral index j8o = 1.7 of the clump mass function. 5 = 1/3 
is conducive to J3 = j3o = 1-7. When p — > 3, the difference between 
the clump and CFRg mass function slopes vanishes, irrespective of 
the clump mass-radius relation. In contrast, the smaller the density 
index p, the steeper (shallower) the CFRg mass function when 
5= 1/2(5 = 0). 

Figure [7j presents the outcome of Monte-Carlo simulations 
performed to compare CFRg mass functions to their 'parent' clump 
mass function. In each panel, the latter is depicted as the upper 
black line with asterisks. The same six combinations of 5 and p 
as previously are considered and symbol/colour-coding is iden- 
tical to Fig. [5] Adopted normalizations % for the clump mass- 
radius relation (Eq. |2j correspond to the best-fits of the C 18 
data in Fig. [3] with slope 5 imposed. Those were obtained by 
IParmentier & Kroupa I ( 1201(1 their table 1). We remind those clump 
mass-radius relations below for the sake of clarity. Fitting a con- 
stant surface density relation onto the C 18 data leads to % = 0.04: 



'clump 



0.04m 



1/2 
lump ' 



(15) 



equivalent to L c i ump = 0.05g.cm . A constant volume density fit 
results in % = 0.11: 



:0.11m 



1/3 

clump 3 



(16) 



' "clump 

orn H ^ c i ump = 3.10 3 cm- 3 . 

For constant clump radius, we adopt r c [ ump = 1 pc. 

As discussed in Section 13.11 two distinct volume density 
thresholds are considered: = 10 5 cm~ 3 = p,/, = 7000 MQ.pc -3 
(top panel of Fig. |7J, and «,/, = 10 4 cm~ 3 = p,/, = 700 MQ.pc -3 
(bottom panel of Fig. [7}. 

Not only do shallower clump density profiles lead to greater 
\P — Po\, they are also conducive to lower normalizations of the 
CFRg mass function compared to the clump mass function. This 
effect stems from a smaller clump mass fraction achieving the vol- 
ume density threshold for lower p. The horizontal shift between 
the clump and CFRg mass functions also depends on p,/, and % 
(see Eq. [6jl. The closer to p,/, the clump mean volume density is, 
the greater the clump mass fraction contained within the CFRg and 
the smaller the horizontal shift between the clump and CFRg mass 
functions. When the whole clump is at a density of at least p,/,, 
clump and CFRg mass functions coincide (e.g. when y c lump — 1 

= 10 4 cm~ 3 and logu)(m c i ump ) > 4, see lines with triangles in 
bottom panel of Fig.|7J. 

That CFRgs hosted by constant surface density clumps (5 = 
1/2) have a steeper mass spectrum than their parent clumps is 
a highly interesting result since the same is observed for gas- 
embedded clusters and young gas-free clusters (/L. = 2) as com- 
pared to GMCs and their dense gas clumps (Pq = 1.7). We discuss 
this issue in Section|4] 

3.3 'Global' and 'local' SFEs 

That only a limited region of a molecular clump may form a star 
cluster means that the SFE relevant to model cluster violent relax- 
ation must be defined properly. The dynamical response of a cluster 
to the expulsion of its residual star-forming gas is governed in part 
by the mass fraction of gas turned into stars within the volume of 
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Figure 7. Comparison between the clump mass spectrum (solid black 
lines with asterisks) and CFRg mass spectra. The clump spectral index is 
ft = 1.7. Symbol- and colour-codings are identical to Fig. [5] % is the nor- 
malization of the clump mass-radius relation (Eq.0 



gas forming stars and at the onset of gas expidsioi^\. We refer to 
this SFE as the 'local' SFE £/ OCI/ /, namely, the CFRg mass fraction 
eventually turned into stars. Conversely, an SFE averaged over the 
whole molecular clump - hereafter 'global' SFE £ g i b a l - consti- 
tutes a lower limit only to the local SFE. 

How the local SFE (e, ocfl/ = m ed /m th ), global SFE (e g i oba i = 
m e cll m clump)> an d CFRg mass fraction m t i 1 /m c i ump connect the 
embedded-cluster mass function dN/dm ec i, the CFRg mass func- 
tion dN/dm,), and the clump mass function dN j dm c \ ump is sum- 
marised in Fig.Q] 

Using Eq.[6] it is straightforward to relate these two SFEs: 



^global 



m ecl 



m ec , m th 



^local 



,n clump ,n lh ,n chimp 
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^clump 
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[(3-p)(l-35)]/p 
clump 



(17) 



Given a density threshold p,/,, a lower normalisation % is conducive 
to higher-density clumps, larger clump mass fractions with p p f /, 
and, therefore, higher global SFEs. 

Figure [1] shows Eq.[T7]for the same (p, 8, %, n t ^) sets as in 



1 In this contribution, we assume that stars and gas in the forming-cluster 
are in virial equilibrium at gas expulsion onset. This implies that the gas 
mass fracti on turned into sta rs within the CFRg equates with the effective 
SFE (eSFE. lGoodwin l2009h . That is, the CFRg (or local) SFE plays a key- 
role in the earl y evolution of st ar cl usters. For detaile d discussions of this 
assumption, see lKroupal i2Q08t) and lGoodwin I i200^) . 



Figure 8. Global SFE (i.e. SFE averaged over the whole clump) as a func- 
tion of clump mass in the case of a spherical clump hosting a forming- 
cluster in its central region (see Fig. |5J- Symbol- and colour-codings are 
identical to Figs.|5]and|2] The local SFE £/,,«,/ (i.e. the SFE of the CFRg) 
is 0.35 (indicated by the horizontal dotted black line). Cluster violent relax- 
ation is determined by the local SFE, not the global one. 



Fig-El w i m identical colour- and symbol-codings. The adopted lo- 
cal SFE is £i oca i = 0.35. It is shown as a horizontal dotted (black) 
line in both panels. For a weak external tidal field impact, this SFE 
ensures that the cluster survives violent relaxation, even if the gas 
expulsion time-scale is much shorter than a CFRg crossing-time 
(i.e. e xplosive gas expulsion; see fig. 1 in IParmentier & Gilmore I 
120071) . Yet, Fig.[8]illustrates that the global SFE measured over an 
entire C 18 clump can be significantly smaller than £/ oca / and mis- 
leadingly suggests that the embbeded-cluster is not to survive vio- 
lent relaxation. Th erefore, small SFEs for C 18 clumps reported in 
the literature (e.g. iHiguchi et al.l|200^ , their table 3) do not neces- 
sarily imply that embedded-clusters get disrupted after gas expul- 
sion. 

Besides, one should also keep in mind that an observed SFE 
may be low because the CFRg is still in the pro cess of build- 
ing up its stellar content. This trend is observed by IHiguchi et al.l 
j2009t) who mapped in C 18 -emission 14 molecular clumps associ- 
ated to embedded-clusters. They define a sequence A-B-C of C 18 
clump morphology (their table 3). In Type-A clumps, the cluster 
is associated with the peak of C 18 emission. In contrast, clus- 
ters hosted by Type-C clumps are located at a cavity-like C I8 0- 
emission hole, whi ch demonstrates that gas dispersal has started 
in Type-C clumps. IHiguchi et all d2009h therefore conclude that 
the morphology sequence A-B-C equates with an evolutionary se- 
quence, with Type-A and Type-C corresponding to the least and 
most evolved clumps, respectively. In further support of their see- 
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nario, they find a trend for the global SFE to increase along the 
sequence A-B-C. The key-point to keep in mind here is that cluster 
violent relaxation depends on the local SFE - i.e. within the CFRg 
- at the onset of gas expulsion. 

Figure [8] illustrates that, under the assumption of a constant 
Eiocai, Egiobal is clump-mass dependent when S ^ 1/3. As this is 
the local SFE which rules cluster violent relaxation, the potential 
dependence of the global SFE on the clump mass is in itself not 
conducive to mass-dependent effects during violent relaxation. 
If the local S FE, gas-expulsion time- scale in units of a CFRg 
crossing-time l Parmentier et alj |2008|) and tidal field impact 
jParmentier & Kroupal 1201 Oh are CFRg-mass-independent, the 
slope of the cluster mass function through violent relaxation does 
not change, regardless of whether the global SFE is clump-mass- 
dependent or not. 
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The cases illustrated in Fig.[8]assume that one clump hosts one 
CFRg, as depicted in Fig. [2] The structure of GMCs in spiral galax- 
ies, however, is more complex as one GMC hosts several clumps, 
possibly strung out on a filament, each hosting a star-forming or 
cluster-forming region. For instance, let us consider the case of 
a 10 Mq GMC hosting 10 dense clumps characterized by a con- 
stant mean surface density T. c i ump =0.1 g.cm~ 2 (or % = 0.025) and 
density index p = 2. That surface density is characteristic of C 18 
clumps showing signs of star-formation activity (see top panel of 
Fig. [3}. The random sampling of a clump mass function with slope 
— 1.7 and mass lower limit IOOMq shows that those clumps total- 
ize on the average ~ 4 x 10 4 Mq of molecular gas. Assuming a star 
formation density threshold of ~ 3 x 10 4 cm~ 3 (i.e. at the loga- 
rithmic midpoint between the two values tested through this paper), 
the total mass in dense star-forming gas represents only one tenth 
of the total clump mass, that is, ~ 4 x 10 3 M Q . Over the scale of 
the whole GMC, the filling factor for the star-forming dense gas 
is thus ~ 4 x 1O 3 M /1O 5 M Q ~ 0.04. Assuming e loc = 0.35, the 
GMC g lobal SFE is 0.04£,„ r ^ 0.01 , a value typical for Galactic 
GMCs jDuerr, Imhoff & Lada II 1982h . 

In galaxy starbursts and mergers, GMCs get compressed by 
the high pressures pervading such violent environments. This re- 
sults in high volume densities through most of the GMC volume. 
In Section RTTl we will speculate that such a GMC is roughly spher- 
ical with a smooth density profile and the birth site of one single 
massive cluster in its central regions. That is, the relations estab- 
lished in this section remain valid and are transposed to the case of 
a GMC. 



4 MODEL CONSEQUENCES 

Figures [5] [6] and [7] demonstrate that the mass distribution from 
molecular clumps (clouds) to CFRgs steepens (j8 > jSo) if clumps 
(clouds) have a constant mean surface density. We remind here 
that, in our model, CFRgs have a constant mean volume density by 
virtue of the assumed volume density thre shold for star forma tion 
(Eq. [5}. The mean density index found bv lMulleretal] d2002l) for 
the star-forming regions they map in dust-continuum emission is 
p = 1.8. Combined to /3o = 1.7 for the clump mass function, this 
is conducive to /3 ~ 2 for the CFRg mass function (see Fig. [6^. 
Other realistic values of p (see references in Section [3Tt lead to 
steepenings ranging from /3 ~ 1.8 when p = 2.5 (an effect proba- 
bly undetectable amidst data noise) to j8 ~ 2.4 when p = 1.5. These 
/3 values bracket the 'canonical' mass function slope of young star 
clusters (j3* ~ 2), provided that the 'local' SFE is mass-independent 



Figure 9. Mass-radius relations of constant mean surface density clouds 
(solid (red) lines) for 3 distinct external pressures: Pext/k = 1.5 x 
l(?K.cm- 3 (Galactic disc), P at /k = 5 x lO^.c/n -3 (Galactic bulge), and 
Pext/k = 10 s K.cm~ 3 (galaxy mergers). The volume density limits imposed 
by the Galactic tidal field at galactocentric distances of 8 kpc and 3 kpc are 
shown as the (blue) dashed lines. The two rightward dotted (pink) lines de- 
note constant volume densities hh2 = 10 4 cm~ 3 and nn2 = 10 5 cm~ 3 , typical 
of star-forming regions. 

(i.e. /3 = ft*). The key-point to investigate now is whether molec- 
ular clumps and clouds hosting CFRgs have a constant mean sur- 
face density. We consider two distinct cases: GMCs and their dense 
clumps. In quiescent spirals such as our Galaxy, open clusters are 
observed to form within dense clumps in GMCs. In galaxy star- 
bursts and mergers, compressed GMCs are likely the individual 
birth-sites of massive star clusters forming profusely in these vi- 
olent star-forming environments. 

4.1 GMCs as cluster-forming sites 

Pressure-bounded clouds in virial equilibrium have a constant mean 
surface density, provided that the external pressure P ext is about 
constant for all clouds (see e.g. lHarris & Pudritz II 19941) : 

1/2 D-l/4 

'■doud^'n c l loud P ext l . (18) 

GMCs in our Galaxy occupy a narrow range in mass s urface den- 
sity T . G MC with 10 < Zcmc < 100 Mffl.p c 2 (fig. 8 in iBlitz et al.1 
120061) . More recently, Irlever et all J2009h found that, on the av- 
erage , "Lcmc — 40Mq./7C -2 (see also lLombardi. Alves & Lada I 
|2010|) . Given the pressure characterising the Galactic disc, this 
is about the surface density expected for virialized gas clouds in 
pressure equilibrium with their environment. The cloud external 
pressure P ext and cloud surface density "Lcmc are related through 
dHarris& Pudritz II 19941) : 

fp \l/2 

W = 0.5(-f j M Q .pc- 2 . (19) 

The pressure in the Galac tic disc is P ext jk - 1.5 x 10 4 K.cm~^ 
jBlitz & Rosolowski ir2004l) . leading to L CMC = 60M & .pc~ 2 (or 
2 C mc = 1-3 x 1 0~ 2 g.cm~ 2 ) This is in excellent agreement with 
the estimate of iHever et"al] d2009h . A surface density T-cmc — 
60MQ.pc~ 2 equates with the mass-radius relation (fcMc/^P c ) = 
0.07 (niQMcl l^©) '^ 2 > shown as the solid (red) line with open 
squares in Fig. [9] 

The mean number density of Galactic GMCs spans the range 
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10 1 cm -3 < tifj2,GMC ^ 10 3 cm -3 (see Fig. [9}. This is far too low 
for them to experience overall efficient star formation. The situa- 
tion in galaxy starbursts and mergers is drastically different, how- 
ever, because external pressures there are several orders of magni- 
tude higher than in the Galactic disc. Assuming that GMCs in these 
violent star-form i ng en vironments remain in virial equilibrium, 
I Ashman & Zepf I ( 1200 ll) note that the corresponding high external 
pressures (P e xt/k — 10 7 — 10 8 K.cm~^) compress GMCs such that 
their radii become a few parsecs, similar to those of globular clus- 
ters (see solid line with filled circles in Fig. [9] 1 pc < tqmc Wpc 
for 10 4 Mq < niQMc IS 10 6 Mq). They thus propose that com- 
pressed GMCs are the gaseous precursors of massive star clus- 
ters formed in starbursts and mergers. If the mean surface density 
of GMCs in mergers and starbursts is about constant, as it is the 
case for Galactic GMCs, and if their internal structure resembles 
what is depicted by Fig. [2] then the mass functions of CFRgs and 
embedded-clusters are steeper than the GMC mass function, with 
the embedded-cluster index ft depending on the GMC density in- 
dex p as shown by the (red) s olid line with filled circles of Fig.[6] 

lAshman & Zepf 1 d200ll) also propose that the high pressures 
and densities achieved in GMCs in starbursts and mergers are con- 
ducive to high SFEs. This is in exact agreement with our sce- 
nario of denser molecular clumps (clouds) having higher global 
SFEs (i.e. in Eq. [T7] a lower % leads to a higher £ g i b a l)- Fig- 
ure [9] shows the mass-radius relations of constant surface density 
clouds bounded by pressures of P e xt/k = 5. 10 6 ^. cm~ 3 (charac- 
teristi c of the Galactic centre, ISpergel & Blitz II 19921 : |jog & Dasl 
1 19961) and P ex t/k = 10 8 K . cmT^ (characteristic of galaxy merg- 



Jog & Solomon1ll992l) . The compression of GMCs by these 



high external pressures raise their volume densities, rendering them 
closer or even similar to what is observed for Galactic CFRgs, 
namely, nui — 10 4 ~ 5 cm~ 3 . As a result, the GMC mass fraction 
with p ^ p th increases and so does the GMC global SFE. For 
Pext/k = 10 8 K.cirC^ , the normalization of the mass-radius relation 
is x = 0.008. Combined with 5=1/2 (constant surface density), 
p = 1.88 (to get ft = 2 with ft = 1.7, see Fig. [6] and Eq.Qj} and 
a star formation density threshold p,/, = 7000Mq, this leads to a 
dense gas mass fraction of (Eq.[8]l: 

/ \ -0.3 

m 'h _ f. a „ I m GMC \ 

ri4 I 



(20) 



mGMC V M Q 

That is, GMCs of masses 1O 4 M and 1O 6 M have 44 % and 1 1 % 
of their mass at a density higher than p,/, . With a local SFE of 35 %, 
this corresponds to global SFEs of 15 % and 4%, respectively. In 
comparison, the overall SFE in Galactic GMCs is of the order of 
1 %. 

That the mass fraction of dense gas in GMCs is a decreasing 
function of the GMC mass also implies that the most massive 
GMCs are not necessarily the largest providers of newly formed 
stars, despite them containing most of the molecular gas (when 
ft = 1.7, clouds more massive than 10 4 Mq contain ~ 80% 
of the total gas mass for a GMC mass range 10 2 - 10 6 Mq). 
For the parameters adopted here, it is easy to show that each 
decade of GMC mass contributes an equal fraction of the total 
mass in dense gas. Actually, the amount of dense gas m l t ^ u 
contained within the GMC mass range \<yiGMC.lowi m GMC.up\ obeys 
m'^" oc ln{>nGMC,up/' n GMC,low) an d is thus constant for any given 
logarithmic mass interval, as expected for a CFRg mass function 
with j3 = 2. 

We emphasize that, in our scenario, the high pressures char- 
acteristic of starbursts and mergers do not modify the mass-radius 



relation of CFRgs. This still equates to n#2 — a f ew 10 4 -10 5 cm -3 , 
similar to CFRgs in the Milky Way disc. What high-pressures 
of violent star-forming environments do modify compared to the 
quiesent environment of disc spirals is the mass fraction of molec- 
ular gas that is dense enough to form stars. This mass fraction 
is much higher in e.g. ULIRGs than in quiescent spirals, thereby 
increasing galaxy star formation rates and infrared luminosities 
dGao & Solomon 112004b . 



4.2 Molecular clumps as cluster-forming sites 

CO mapping (emission-lines 12 CO, 13 CO or C 18 0) of molecular 
cloud structures reveal power-law mass spectra of index ft ~ 1.7, 
from a fraction of a solar mass up to 10 4 M,^ i Heithausen et al. I 
1 19981: iKramer et alj 1 19981 : lHara et al. 1 1 19991 : IWong et all 120081) 
Since the same index also describes GMC data dRosolowski 120051: 
iBlitz et al.ll200q : iFukui et al. 1120081) . the mass range over which 
ft — 1-7 holds covers more than 6 orders of magnitude. 

Alike to GMCs, the clump mass function is thus shallower 
than the young cluster mass function. Can we correct for this effect 
by arguing that CO-mapped clumps have a constant surface density, 
as we have done for GMCs? In what follows, we consider the C 18 
data of Fig.[3]to illustrate the issue. 

The mass-radius relation of C 18 clumps is - in essence - one 
of constant volume density (8 = 1/3) since their observed volume 
density corresponds to that needed to excite C I8 emission (see 
middle panel of Fig.[3]in Section[3}. For 5 = 1/3, our model pre- 
dicts no steepening of the clump-to-CFRg mass functions (ft = ft 
Fig.[5), and it thus seems that we cannot explain why open clusters 
have ft = 2. However, we are interested in cluster-forming molecu- 
lar clumps, and the middle panel of Fig.[3]suggests that their mass- 
radius relation may actually be steeper than S = 1/3. 

The top panel of Fig. [Tol sh ows the same d ata completed with 
the C 18 clump sample of lHiguchi et al.l J2009L their table 3). Their 
14 molecular clumps display signs of star formation activity since 
they were selected based o n their association w ith an embedded- 
cluster. In a follow-up study. Illiguchi et al.l | |2010|) detect H l3 CO + - 
line emission in all but one of them. This strengthens the key- 
hypothesis of our model that star formation and high-density gas 
(nj]2 — 10 s cm -3 ) are tightly related. Star-forming C 18 clumps 
(34 in 62 objects) are highlighted by filled symbols. For the sake of 
clarity, they are also shown in the bottom panel of Fig.llQI 

In contrast to all C 18 clumps, those hosting star-formation 
occupy a band of narrow surface density, of lower and upper limits 



^■clump — 0-04g.cm~ l and T, c i um p — 0.18g.cm~ z (dotted (red) lines), 
respectively. Their mean surface density is I. c i ump — 0.09g.cm~ 2 , or 
(r c i ump /l pc) ~ 0.03(m c i ump / IMq) 1 /2 . Therefore, the mass-radius 
relation of cluster-forming C 18 clumps is steeper (5 ~ 1/2) than 
the mass-radius relation of the whole C 18 clump sample (8 ~ 
1/3). In turn, this steepens the CFRg mass function compared to 
the C 18 clump mass function, resulting in ft = ~ 2 if the clump 
density index is p ~ 1.9 

This effect can be quantified further by fit ting straightlines t o 
the C I8 data. We have performed robust fits jPress et al71l 19921) . 
namely, fits in which the absolute value of the deviation A is min- 
imized. We consider two cases, the y-data being either log(r c is ) 
(Eqs.l21landl25t or log(ra c i8 ) (Eqs.l22landl26t. The comparison 
of both fits provides a more realistic estimate of the actual uncer- 
tainties than fitting log(r c is ) vs. log(m c is ) (or vice-versa) alone. 

Fitting all C 18 clumps (top panel of Fig.llOt gives: 
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Figure 10. Radius vs. mass of C 18 clumps. Top panel: Filled symbols 
indicate detected star formation activity. Dotted (black) lines highlight the 
limited range of volume densities occupie d by the data (same as middle 
panel of Fig. [5] except for the added data of lHiguchi et alj fcOOSh l. Bottom 
panel: Same mass-radius diagram as top panel but for star-forming C ls O 
clumps only. Dashed (red) lines indicate the limited range of surface densi- 
ties occupied by the data. 



log(r c ig ) =0.33 log(m c is )- 0.96, A = 0.08, (21) 

log(m c is ) =2.41 log(r c is ) + 2.90, A = 0.21, (22) 

the latter equating with: 

log(r c , 8o ) = 0.41 log(m c , 8o ) - 1.20 , (23) 

Taking the mean slopes and intercepts of Eqs.[2"Tland|23|gives: 

log(r c i 8o ) =0.37 log(m c i8 )- 1.08. (24) 

Performing the same robust fits onto C 18 clumps hosting 
forming-clusters (bottom panel of Fig.fTOll provides: 

log(r c is ) =0.361og(m c i8 O )-1.08, A = 0.08, (25) 

log(m c is ) = 1.921og(r c is o ) + 3.03, A = 0.18, (26) 
the second equation being equivalent to: 

log(r c is ) = 0.521og(m c is o ) - 1.58 . (27) 
Averaging slopes and intercepts of Eqs.[25]and[27]leads to: 

log(r c . 8o ) = 0.441og(m c i8 O ) - 1.33 . (28) 
Excluding clumps failing at displaying evidence of star formation 



indeed steepens the clump mass-radius relation, although the 
effect is mild (compare Eqs.l24landl28t. It is mostly driven by the 
exclusion of the low-mass clumps in Orion B {m c WQ < 150MQ) 
whose undetected (non-existent ?) star-formation activity may 
stem from a dearth of high-density (n,/, ^ 10 5 cm -3 ) molecular 
gas, as discussed at the end of Section |3~T| A better handling of the 
mass-radius relation of cluster-forming C 18 clumps, compared 
to that of C 18 clumps in general, would require data covering a 
larger mass range. 

Conversely, one may expect cluster-forming molecular 
clumps with an observed mass function j3o = 2 to be in a regime 
of constant mean volume density (since constant volume density 
does not alter the mass function slope, i.e. /3 = po when S = 1/3; 
see Fig. [5}. Several dust continuum studies report clump mass func- 
tions with indices /?o — 2. However, few of them are characterized 
by a significant number of clumps more massive than, say, lOOMr,, 
that is, a mass regime appropriate for star cluster progenitors rather 
than individual star progenit ors . 

Rathborne et al. 1 d2006l) find a mass function slope of —2. 1 ± 
0.4 for a sample of dust clumps with masses > 100 M@ and mapped 
in millimeter continuum. The corresponding clump mass-diameter 
diagram (their fig. 8) shows a significant scatter and no clear-cut 
mass-size relation. That the vast majority of clumps are denser than 
10 4 cm~ 3 is the only firm conclusion one can reach. More studies 
of that type are needed before drawing a conclusion. We encourage 
authors of such surveys to publish the clump radius distribution and 
clump mass-radius diagram in addition to the clump mass function, 
especially if the clump mass upper limit reaches several 10 3 Mq and 
beyond. This implies to include star-forming regions more distant 
from the Sun than a few kpc. In that respect, it should be kept in 
mind that clump mass and radius estimates depend on the assumed 
clump distance D {r c i ump °= D through the clump angular diameter; 
m dump x D 2 , see eq. 1 in iRathborne et al H20H)). It may be of 
interest to test how the scatter of a mass-radius diagram responds 
to varying the clump distance accuracy. 

Finally, we note for the sake of completeness that the existence 
of a link between the slope of the clum p mass function and th e 
clump volume density was put forward bv lReid & Wilsonl d2005l) . 
who quote that "a possible explanation for the apparently real dis- 
crepancy between the CO spectral line and dust continuum mass 
functions is that the dust maps trace den ser clumps than the CO 
line maps". [But see iMufioz et al. I d2007l) for a counter-argument 
following which steep mass functions inferred by some dust contin- 
uum studies are an artifact created by the clump mass upper limit.] 



FROM THE CLUMP RADIUS DISTRIBUTION TO THE 
CLUSTER-FORMING REGION RADIUS 
DISTRIBUTION 



Similarly to what we have done in Section [3T2l to relate the clump 
and CFRg mass functions, we now infer the radius distribution of 
CFRgs from that of their parent clumps. 

Let us consider a population of clumps whose radius distribu- 
tion is a power-law of slope — xq: 



dN = l, 



clump' 'clumpd' 'clump 



(29) 



If clump masses and radii are correlated (i.e. 8 7^ in Eq.[2]l, then 
the slope — xq of the radius distribution of clumps is determined by 
the slope S of their mass-radius relation and the slope — /?o of their 
mass function. To show that, we use Eq. [2] to replace y clump ^ 
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function of m c \ ump and 5 in Eq. [29] This leads to the clump mass 
function with its slope — jSo a function of 5 and xq: 



dN ~ r clump dr dump <* m^p^ dm clump ■ 



It then follows: 



00-1 



Xq - 1 ' 

To derive the radius distribution of the dense central CFRgs: 
dN = l t i,r^ x dr th , 



(30) 



(3D 



(32) 



j(p-3)5+l]/(Sp) 
clump 



(33) 



we need to derive the CFRg radius r f ;, as a function of the clump 
radius r c \ ump . By combining Eqs[2]and[4] we obtain: 

P > ' 

MPthX 1/S ) 

where % and 5 are the normalization and slope of the clump mass- 
radius relation (Eq.[2]l, p is the clump density index (Eq.[T|l, and p,/, 
is the volume density at the edge of the CFRg. Combining Eq.|29l 
and Eq.[33]leads to the CFRg radius distribution: 

[8(l-*)]/[0>-3)a+l] 



dN = l, 



clump 



l/S 



P S 



(p-3)« + l 



r th dr th , 



where the slope — x obeys: 



-3)5 + 1 



(34) 



(35) 



(p-3)5 + l ' 

In the particular case 5 = in Eq. [2] (i.e. clump masses and 
radii are uncorrelated), Eq.fJT] shows that the slope of the radius 
distribution — xq -¥ Therefore, Eq. [29] cannot be used to in- 
fer the CFRg radius distribution. Using the clump mass function 
(Eq. 1 1 01 ) and the CFRg radius as a function of m c i ump (Eq. [4]l in- 
stead, one obtains the distribution function of the CFRg radius r,/,, 
with the clump radius r c i ump a constant: 

-P 



dN — k c lump P 



*XPth 3-/? 
r 



clump 
- X dr 



r th ar th . 



where the slope — x obeys: 



[1 +/>(&-!)]■ 



(36) 



(37) 



Equations 135 land[37l are shown in the top (5 = 1/3, 8 = 1 /2) 
and bottom (8 = 0) panels of Fig. QT| The same density indices 
(p = 2 and p = 1.5) and colour/symbol-codings as previously are 
used. As for the mass function, 5 = 1/3 leads to identical slopes 
of the clump and CFRg radius distributions, while 5 = 1/2 and 
5 = result in CFRg radius distributions steeper and shallower 
than the clump radius distribution, respectively. Note that in the 
bottom panel the index x of the CFRg radius distribution is plot- 
ted as a function of the clump mass function index p\) since xq — > °°, 

In Fig. Q/2] we illustrate how the radius distribution of CFRgs 
differs from that of their host-clumps (solid black lines with aster- 
isks), for clumps with constant mean surface density, mean volume 
density and radius (top, middle and bottom panels, respectively). 
Each panel displays 4 cases corresponding to two clump density 
indices (p = 2 and p = 1.5) and two number density thresholds rc,/, 
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Figure 11. Top panel: Slope x of the cluster-forming region (CFRg) radius 
distribution in dependence of the slope xq of the clump radius distribution 
for constant surface density (5 = 1/2) and constant volume density (5 = 
1/3) clumps. Two density profiles (p = 2 and p = 1.5) are envisaged. Note 
that the choice of xq and 5 necessarily determines the spectral index j3o of 
the clump mass function through Eq. 131 1 The vertical (black) dashed line 
indicates the clump radius distribution slope when 5 = 1/2 and po = 1.7. 
Bottom panel: How .v scales against the clump mass function spectral index 
po when 5 = (i.e. clump radius independent of clump mass). Note that 
5 = implies xq — > °°. 



to define the CFRg («,/, = 10 4 c/n~ 3 and n t f, = 10 5 c/?;~ 3 ). These 
simulations are the counterparts of those performed in Section [3~2l 
to study the transition from the clump- to CFRg-mass functions. 
Lower densities n,/, at the edge of the CFRg result in smaller shifts 
between the clump and CFRg radius distributions since CFRgs are 
then larger in size. 



Assuming as in Section 14.11 that GMCs host the precursors 
of star clusters, can these power-law models of clump and CFRg 
radius distributions help us understand t he radius distributions of 
clusters and GMCs? ISanders et all dl985h find that the distribution 
of GMC diameters D obeys N(D) °= £)- 2 - 3 ± - 25 i n our Galaxy, i.e. 
JCn = 2.3 in Eq.f29] This slope, indicated as the (black) dashed verti- 
cal line in top panel of Fig.QT| is in excellent agreement with what 
Eq.[3T]predicts for constant mean surface density clouds (5 = 1 /2) 
with j8(j ~ 1 .7, that is, xq = 2.4. As for star clusters, their size is of- 
ten embodied by their half-light radius r/,/. It appears that the distri- 
bution function of cluster half-light radii is not fully comparable to 
that of GMC diameters. While the Galactic GMC size distribution 
is a power-law, observed distributions of cluster half-light radii are 
characterised by an intrinsic peak when plotted as rf./V/rf log (>/,/), 
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Figure 12. Comparison between the clump (solid black lines with asterisks) 
and CFRg radius distributions, for clumps with constant surface density, 
constant volume density and constant radius (top, middle and bottom pan- 
els, respectively). The radius distribution of clumps is built from their mass 
function used in Fig. [7] (ft = 1.7) and a given clump mass-radius relation 
(X, 8, see Eq.0. Symbol- and colour-codings are identical to Fig. [5] 



that is, as the number of cluste rs per constant lo garithmic radius in- 
terval dAshman&Zepflll998l) . More recently. IScheepmaker et al.l 
d2007h also highlighted such a shape for the young star clusters of 
the Whirlpool galaxy M51 (see their fig. 14). Their dN/d\og(ri,i) 
distribution shows a turnover at r;,; ~ 2 pc, while the distribution in- 
creasingly steepens beyond r;,/ > 4pc. Therefore, the comparison 
of the half-light radius distributions of clusters to the size distri- 
bution of GMCs is necessarily limited to the la rge cluster-radius 
regime (say, r/,/ > 4 pc ), a point also made by I Ashman & Zepfl 
d200lb . In that regime, I Ashman & Zepfl d200ll) report an index 
x ~ 3.4 for the half-light radius distributions of old Galactic glob- 
ular clusters and young massive star clusters in NGC3256. That is, 
the radius distribution of star clusters is steeper than that of GMCs. 
This x value is shown as the (black) dashed horizontal line in top 



panel of Fig.[TTJ Figure [TTJ demonstrates that our model does ac- 
count for this effect since constant surface density clouds - as is ob- 
served for GMCs - steepens the radius distribution over the cloud- 
to-CFRg transition (x > xo). As for the mass function, the shallower 
the cloud density index, the stronger the radius distribution steep- 
ening. In the case of relevance here, the observed x — xq difference 
is reproduced when the density index is p ~ 2 (see the solid red line 
with filled circles in top panel of Fig. II It. 

It must be kept in mind, however, that to identify the slope 
—x of the CFRg radius distribution to the slope of observed clus- 
ter half-light radius distributions may constitute a severe oversim- 
plification, even when the comparison is restricted to the large- 
radius regime. Following gas-expulsion, embedded-clusters expand 
jGever & Burkert I 200l[ their fig. 3) an d may then undergo tidal 
truncation jParmentier & Kroupa l l201Ch . two effects which may 
complicate the picture significantly. More simulations covering the 
evolution from the gas-embedded phase to the end of violent relax- 
ation are required before drawing definitive conclusions. 



6 CONCLUSIONS 

It has long been recognized that the mass function dN <x m~P°dm 
of GMCs and of their molecular clumps mapped in CO-emission 
line is shallower than the 'canonical' young cluster mass function 
dN °= jrTP*dm, i.e. |3o — 1.7 and j3* ~ 2. This slope difference is 
puzzling since it seemingly implies an SFE varying with the GMC 
or clump mass, hence mass-dependent cluster infant weight-loss 
while the cluster responds to gas-expulsion. This is in contradiction 
with most young cluster mass function data gathered so far. 

In this contribution we bring an original solution to this prob- 
lem by assuming that star formation requires a number density 
threshold ~ 10 4 ~ 5 cm~ 3 , equivalent to a volume density thresh- 
old Pi i, ~ 700 — 7000 Mq .pc -3 . This hypothesis is supported by 
the tight association observed between star-formation and dense 
molecular gas (as evidenced by e.g. H li CO + and HCN tracers; see 
Section[2]l- Our model builds on a spherically symmetric cloud (or 
clump) with a power-law density profile and forming a star clus- 
ter in its central region. The density threshold for star formation 
p t h is not necessarily achieved through the whole molecular cloud 
(clump), thereby implying that the mass and radius of the CFRg 
differ from those of the cloud (or clump) containing it. We refer to 
P as the mass function index of the spatially-limited CFRg where 
nm > n th (see Fig.HJl. 

In that context, star formation can be quantified by two dis- 
tinct efficiencies of different physical significances. We refer to the 
global SFE as the ratio between the embedded-cluster stellar mass 
at the onset of gas-expulsion and the initial gas mass of the clump 
(cloud) hosting it. As such, the global SFE is relevant to under- 
stand the difference between the cloud (clump) mass function on 
the one hand, and the embedded-cluster mass function on the other 
hand. In contrast, the local SFE quantifies the ratio between the 
embedded-cluster stellar mass and the initial gas mass of the CFRg, 
i.e. the gas mass with w#2 ^ n th- This is the local SFE - not the 
global one - which is relevant to understand why cluster violent re- 
laxation is mass-independent. Mass-independent infant weight-loss 
demonstrates that the local SFE is CFRg-mass-independent hence 
that the slopes of the CFRg and embedded-cluster mass functions 
are identical (/3 = (6*). This does not prevent the global SFE from 
being clump/cloud mass-dependent, as suggested by the difference 
in slope p+ — /3o between the cloud (clump) and cluster mass func- 
tions. 
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To adopt a volume density threshold for cluster formation im- 
mediately implies that CFRgs have a constant mean volume density 
(Eq.[3]l. Based on the conditions required for the tidal-field impact 
upon clusters responding to gas-expulsion t o be mass-independent, 
this i s also the conclusion reached by IParmentier & Kroupa I 
Actually, not only does mass-independent violent relax- 
ation demand mass-independent local SFE, it also requires m ass- 
independent gas-expulsion time-scale (Parmenti er et alj l2008h. and 
mass-independent tidal-field impact ^Parmentier & Kroupa II 201 51) . 

We have shown that the difference in slope between the 
clump- (cloud-) and CFRg-mass functions is a sensitive function 
of the mass-radius relation and density index p of clumps (clouds). 
Constant radius clumps result in the mass function of CFRgs (hence 
of embedded-clusters) being shallower than the mass function of 
their host clumps (clouds). This is due to more massive clumps be- 
ing denser, thus containing a greater fraction of their mass above 
the number density threshold n,/, . Equivalently, the global SFE in- 
creases with the clump mass. Conversely, the volume density of 
constant surface density clumps is a decreasing function of their 
mass, and so is their mass fraction of star-forming gas. This ren- 
ders the mass function of CFRgs steeper than that of clumps/clouds 
(]3 > ft). For constant volume density clumps/clouds, CFRg and 
cloud/clump mass function slopes are alike (Fig. [5}- Given a cloud 
(clump) mass-radius relation, the slope difference /3 — ft| de- 
pends on the density index p of clumps (clouds): the shallower the 
clump/cloud density profile, the larger ||3 — ft | (Fig.[6](. 

The steepening of the mass function ft — 1.7 of molecular 
clumps and GMCs into that ft ~ 2 of young star clusters there- 
fore requires molecular clouds and clumps to have a constant sur- 
face density (Fig. [7J. This property is actua l ly well-establishe d 
for GMCs in the Milky Way felitz et alJl2005lHever et alj|2009h . 
Whether it also stands for molecular clumps, namely, the density 
enhancements - birth sites of open clusters - observed locally 
within Galactic GMCs, is less certain. Rather, molecular clumps 
show a constant volume density corresponding to that required to 
excite the molecular transition of relevance (middle panel of Fig.[5J, 
Based on C 18 data, we speculate that the mass-radius relation of 
cluster-forming molecular clumps is one of constant surface den- 
sity, rather than of constant volume density (see Fig.llOb. The tran- 
sition from a narrow range in volume densities for all C 18 clumps 
to a narrow range in surface densities for those with signs of star 
formation stems from excluding the lowest mass clumps. Those 
clumps contain a tiny mass only with nni ~& «/a, which explains 
their failure at displaying signs of star formation (top panel of 
Fig.[3}. 

From their survey in du st-continuum emiss ion of star-forming 
regions in the Galactic disc, M tiller et"al] d2002l) infer a mean den- 
sity index p ~ 1.8. Interestingly, in that case, we find that the mass 
function slope ft ~ 1.7 of clouds (clumps) steepens into a CFRg 
mass function slope j8 ~ 2 (Fig.[6j> hence ft ~ 2, in agreement with 
what is suggested by observations. Equivalently, the global SFE of 
molecular clouds (clumps) is a decreasing function of their mass 
(Fig.©. 

A natural outcome of our model is that as mapping of molec- 
ular clumps move inwards to their higher-density CFRgs, the in- 
ferred mass function is expected to steepen and to near j8 ~ 2. This 
may be the reason whv lShirlev etail J2003h find p ~ 1 .9 for CFRgs 
mapped in CS(J 5 — 4) which, as they quote, is steeper than what is 
measured with tracers of lower density gas, and closer to the mass 
spectral index of OB associations (their fig. 20). 

In addition to the mass functions, we have also studied the 
radius distributions. Given constant mean surface density clouds 



(clumps), not only does our model steepen the mass function, it also 
steepens the radius distribution (top panel of Fig.fT2l. The slope of 
the radius distribution of clouds (clumps) is determined by their 
mass-radius relation and mass function slopes (Eq. 13 1 1 . Constant 
surface density clouds (clumps) (5 = 1 /2) with ft = 1.7 have a ra- 
dius distribution dN °< r~ xo dr c i ump of index xq = 2.4. For a density 
index p = 1.8, the slope of the radius distribution steepens to x ~ 4 
for CFRgs hence embedded-clusters (top panel of Fig. II It . Our 
model thus helps explain why the cluster radius dist ribution is sig- 
nificantly steeper than the size d istribution of GMCs l lSanders et al.1 
ll985l : IScheepmaker et alj|2007l) . 
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